Transparency is commonly used by zooplankton for camouflage in open waters. Polarization vision allows planktivorous animals to increase their preyÕs detectability. Polarization properties of zooplankton were analyzed by measuring changes in the transmitted light. The transmitted light was subjected to depolarization and phase retardance, resulting in a species-specific polarization contrast between animal and background; from 5% in Corycaeus sp. to 92% in Undinula vulgaris (Copepoda). This contrast diminishes exponentially with distance, reaching 50% of the inherent value at 1 and 2 m, for moderately turbid and clear waters, respectively. However, at reactive distances of planktivorous fishes this contrast is reduced by less than 20%.
Introduction
Transparency is widespread among zooplankton species and is one of the main methods such animals use to camouflage themselves in open water (Mcfall-Ngai, 1990 ). This means of camouflage involves the whole organismÕs body, and is presumably best adapted to euphotic open-water environments without any surfaces to hide against or behind (reviewed by Mcfall-Ngai, 1990) . Transparent organisms in shallow water commonly show even levels of transparency in the 400-700 nm range, with slightly higher transparency at longer wavelengths (Johnsen & Widder, 1998) . However, in the UV range (280-400 nm) the transparency is low and decreases quickly as the wavelength shortens (Johnsen & Widder, 2001) . Many transparent zooplankton species are preyed upon by visual predators. Therefore, their sighting distance by these predators is a primary factor determining their vulnerability to predation (reviewed by Johnsen, 2001 ). An organismÕs sighting distance is determined primarily by the organismÕs inherent contrast (contrast at zero distance), the minimal contrast threshold of the viewer, and by the optical properties of the water.
Planktivorous animals developed three primary adaptations to increase their preyÕs contrast and hence, their sighting distance: UV vision (Browman, Novales Flamarique, & Hawryshyn, 1994; Loew, McFarland, Mills, & Hunter, 1993; Loew, McAlary, & McFarland, 1996) , searching at different elevation angles and mainly at the edge of SnellÕs window (Lythgoe, 1979; Janssen, 1981) , and polarization vision (Novales Flamarique & Browman, 2001; Shashar, Hanlon, & Petz, 1998) . Aquatic organisms utilize the underwater polarization pattern in various manners (Horváth & Varjú , 2004) , including contrast enhancement of transparent objects. Novales Flamarique and Browman (2001) demonstrated that polarized light illumination enhances prey detection by juvenile rainbow trout. Similarly, Shashar et al. (1998) showed that under linearly polarized light, the detection distance of zooplankton prey by the squid Logio pelaei was 70% larger than under depolarized illumination.
The underwater light field is partially polarized in a complex way (Ivanoff & Waterman, 1958b; Timofeyeva, 1974; Waterman, 1954; Waterman & Westell, 1956; Waterman, 1981) . Under water, except for elliptical polarization at shallow waters and at the margins of SnellÕs window (Ivanoff & Waterman, 1958a) , partially polarized light is predominantly linearly polarized (Waterman, 1981) . At shallow waters there are two distinct polarization patterns, one within SnellÕs window and the other outside it (Waterman, 1954) . Horváth and Varjú (1995) calculated the refraction of the celestial polarization pattern into SnellÕs window. However, due to the focusing of sunlight by surface waves (Schenck, 1957; Snyder & Dera, 1970) and light scattering with depth (Shashar, Sabbah, & Cronin, 2004) , distortions in this pattern can be expected. At crepuscular periods, when the sun is close to the horizon, the percent polarization within SnellÕs window can reach 67% (Novales Flamarique & Hawryshyn, 1997) . The polarization pattern outside SnellÕs window is considerably different. It arises mainly from scattering and internal reflections off the water surface (Ivanoff, 1974; Waterman, 1981) . Outside SnellÕs window the polarization pattern is wavelength dependent, and during midday the percent polarization can reach values of up to 40% (Cronin & Shashar, 2001; Novales Flamarique & Hawryshyn, 1997) .
A transparent object can affect the polarization characteristics of light passing through it in three different ways: (i) it can scatter the light and reduce its percent polarization, i.e., partially depolarize the light; (ii) as a result of a phase shift (retardance), it can cause a shift in the lightÕs e-vector orientation or convert linear polarization into elliptical polarization (Fineran & Nicol, 1978) ; and (iii) if the object is birefringent, it can partially polarize the light. Dinoflagellate chromosomes are known to depolarize circularly polarized light , while muscle tissues are birefringent (Engel & Franzini-Armstrong, 1994) . Moreover, the depolarizing effect of non-spherical particles was demonstrated to vary due to variation in refractive index and minor orientation changes of the particles .
A transparent objectÕs inherent polarization contrast is a means to describe the induced modifications in the lightÕs percent polarization that are generated while the light passes through the object. It is a number between 0 and 1, and it is derived from the difference in the percent polarization between the light transmitted through the object and that in the objectÕs surroundings unaffected by the object divided by the background polarization (Eq. (6) integrated polarization observed at a range of z from the object C polarization contrast at a distance z from the object S minimum polarization contrast threshold of the viewer P d polarization difference at a distance z from the object c par (k) light attenuation coefficient due to particles c w (k) light attenuation coefficient due to pure water c cdom (k) light attenuation coefficient due to colored dissolved organic matter a w (k) volume absorption coefficient for pure water b w (k) volume scattering coefficient for pure water k desired wavelength k 0 known wavelength c slope of c par (k)
will have a 0 inherent contrast, while a fully depolarizing organism will produce an inherent contrast of 1. The objectives of this study were: (1) to present a detailed description of the way various zooplanktonic species modify the polarization of light transmitted through them, (2) to evaluate the induced polarization contrast between such zooplanktonic species and the ambient light field under field conditions, and (3) to better understand and draw suggestions regarding the potential role of polarization contrast and polarization vision in predator-prey interactions between zooplankton and planktivorous animals.
Methods
We measured the polarization of light transmitted through transparent zooplankton species. Zooplankton specimens were collected with a 200 lm mesh plankton net from a depth of 2-5 m next to a coral reef in Eilat, Red Sea (29°30 0 N, 34°56 0 E). Specimens were maintained in plastic jars submerged in cool seawater and laboratory measurements were performed within 30 min after collection.
Polarizing dissecting microscopy imaging
To measure the polarized light transmitted through transparent zooplankton species and to examine how the polarization of the transmitted light varies with different tissues/body parts, a polarizing dissecting microscopy imaging technique was applied (Fig. 1 ). Specimens were analyzed via a dissecting microscope equipped with a fixed linear polarizer placed in front of the specimen, and a rotatable linear polarizer and a narrow band transmitting colored filter (Rosco Supergel #389-Chroma green, maximum and half-bandwidth of spectral transmissivity at wavelengths k = 500 ± 20 nm) placed behind the specimen. The green filter lessened spectral effects, i.e., diffraction and retardance of the light passing through the animal, as well as potential interference between the different channels of the video camera (Inoué & Spring, 1997) . A CCD camera mounted on the microscope and a digital VCR recorded the light transmitted through the specimens (manual gain of the camera was used). Each zooplanktonic specimen was placed in a seawater-filled glass plate and positioned on the dissecting microscope. To prevent the specimen from moving, the seawater was chilled and a microscopic glass cover lying on a spacer caged the animal. Throughout all of the measurements the laboratory was darkened to avoid light reflection off the specimens. By rotating the rotatable polarizer differences in orientation of the two polarizersÕ planes of polarization of 0°, 45°, and 90°were attained. At each of the three orientations, the intensity was recorded over a period of 10 s. Selected images (fields) of each orientation were digitally transferred to a computer and the green channel grayscale images were analyzed, with a custom-made Matlab TM application. Since video systems do not weigh the three video channels equally, yet the image from the camera was recorded in a RGB format, the digital blue and red channels were excluded to prevent misintensifying some of the information in the transfer to a grayscale image (Inoué & Spring, 1997) . Three frames from each of the three different orientations (I 0 , I 45 , and I 90 ) were used to analyze the polarization of each specimen, at a single pixel resolution. Polarization analysis was based on the equations of Wolff and Andreou (1995) , modified by Shashar et al. (2004) , where the phase h is given by:
Since the phase h represents the e-vector shift from the vertical, to obtain the absolute e-vector orientation a, the following condition was applied: 
The total intensity is given by:
while the percent polarization (also known as Ôdegree of polarizationÕ or Ôpartial polarizationÕ) is given by:
The e-vector orientation, percent polarization, and transmitted light intensity were presented by the brightness of three false polarization grayscale images.
Polarizing microspectrophotometry
To measure the spectrum of light transmitted through transparent zooplankton species and to calculate their inherent polarization contrast as a function of wavelength, microspectrophotometry measurements were applied. The MSP (Micro Spectro Photometer, described in detail by Loew, 1982 ) is a single beam spectrum scanning photometer designed for reading transmitted spectra through microscopic specimens. The width of the measurement beam was 1-3 lm in the plane of the specimen, and a Nikon 10X/0.25 microscope objective was used. Two linear polarizers (Polaroid HNPÕB) were mounted in the beamÕs optical path: a fixed polarizer was placed in front of the specimen and a rotatable polarizer was positioned behind the specimen. For each sampling two measurements were taken, one with the polarizersÕ planes of polarization parallel to one another and the second with perpendicular (crossed) planes of polarization. A baseline measurement was taken using the same procedure with the beam passing through clear seawater. Measurements were performed in the 360-700 nm wavelength range. Adjustable gain control of the MSPÕs photometer, applied between the different wavelength measurements, helped in providing a high signal-to-noise ratio throughout the spectrum and ensured the recordingsÕ reliability throughout the examined spectrum. The examined tissues/body parts were classified as muscle, trunk, head, tail, or appendage (e.g., mouth appendage, antenna, legs). For each tissue/body part, the percent polarization p per wavelength was calculated using the equation:
where I mk and I m? are the transmitted intensities recorded from the sample with the polarizersÕ planes of polarization aligned parallel or perpendicular to one another, respectively. For each specimen, the baseline percent polarization was also calculated using Eq. (5). Finally, the inherent polarization contrast, which describes the induced modifications in the transmitted lightÕs percent polarization (see Section 1 for detailed description), was defined as:
Obviously, both depolarization and phase retardance may be involved in all cases. In certain circumstances, retardance could be specifically distinguished from depolarization. Since the measurements were performed with two polarizers, an e-vector shift (retardance) larger than 45°caused I m ? to be larger than I m k , i.e., to a calculated polarization change (a pseudo-inherent polarization contrast; Eq. (6)) that ranged between 1 and 2. When several specimens of the same species were examined, values of the maximal inherent polarization contrast were averaged for all specimens and the standard deviation was calculated. For each, the number of measurements and the number of specimens are presented. The presence or absence of clearly detectable phase retardance (phase shift) is marked as Y or N, respectively.
Results

Depolarization of transmitted light
All the zooplankton species examined depolarized at least some of the light transmitted through their bodies (Table 1, Figs. 2 and 3 ). This maximal depolarization ranged from 5% (at 600 nm) in Corycaeus sp. (Copepoda) to 92% (at 600 nm) in the Undinula vulgaris copepod. False polarization grayscale images (taken near 500 nm) indicate only small changes in percent polarization and e-vector orientation (Figs. 2C, D, G , and H). However, when examining a broader spectral range, a high inherent polarization contrast in the UV spectral region is revealed ( Figs. 2A and E) . For all species but one, the maximal inherent polarization contrast was found in the UV (360 nm; Table 1 ).
Moreover, throughout all species and body parts/tissues that depolarized the light (n = 145), the inherent polarization contrast was maximal at the UV end of the examined spectrum during 93% of the measurements, while the maximal inherent polarization contrast was achieved equally frequently near the center of the visible spectral range (500 and 600 nm) and the red spectral region (700 nm) during only 3.5% of the measurements. Throughout all examined species, the most depolarizing tissues/body parts were the muscles, causing an inherent polarization contrast of 0.55 ± 0.23 (average ± SD).
Phase retardance of transmitted light
Apart from depolarizing the light, body tissues caused phase retardance. In 5 out of the 10 examined Fig. 2 . Depolarizing effect of a Centropages elongates, Copepoda (A-D) and a Sagita inflata, Chaetognatha (E-H). The false polarization grayscale images are derived from polarizing dissecting microscopy imaging and stand for light intensity (B, F), percent polarization (C, G) and the absolute evector tilt off the 0 = horizontal orientation (D, H). The inherent polarization contrast as a function of wavelength was derived from polarizing microspectrophotometry, where each series of dots corresponds to measurement of a certain tissue/body part (A, E). Depolarization was maximal in the UV/blue spectral region (A, E). Note that even when depolarization was the primary process, some phase retardance occurred (D). species, clear phase retardance could be identified (Table  1, Fig. 3 ). Phase retardance mostly occurred in light transmitted through muscles and appendages, with 67% and 14% of identified phase retardance cases, respectively (n = 21). This phase retardance was most frequent at both spectral edges, i.e., in the UV and in the red (Figs. 3A and E) .
Discussion
Inherent polarization contrast of zooplankton
Two distinct processes were found to dominate the inherent polarization contrast production of zooplankton: depolarization (postulated to result from scattering) and phase retardance. This is in contrast to previous findings where only phase retardance of the light was reported (Shashar et al., 1998) . Light transmitted through all the examined species was partly depolarized, and in half of the species phase retardance was also observed. In addition to these two major processes and in accordance with the findings of Shashar et al. (1998) , evidence for edge birefringence of the examined tissues was found in a number of species.
Light transmitted through tissues was partly depolarized (as well as underwent phase retardance). The depolarization of light propagating through a scattering tissue depends on the thickness of the medium and the particles within it (Jarry et al., 1998) . Both particle concentration and path length influence the number of scattering events, while particle diameter determines the type of scattering, i.e., Rayleigh, Mie, or geometric (Jarry et al., 1998) . In our study, phase retardance generally occurred when light was transmitted through muscles and appendages. This finding is supported by the well known structure of the muscle tissue; The A bands of the sarcomere (the contractile unit), which contain myosin, are birefringent (Engel & Franzini-Armstrong, 1994) , and indeed, light transmitted through muscle tissues of vertebrates was demonstrated to undergo phase retardance (Jarry & Henry, 2000; Tran, Inoue, Salmon, & Oldenbourg, 1994) . Chitin constitutes the exoskeleton of zooplanktonic crustaceans. Polarized microscopy study of an antennal sensillum of Triatoma infestans (Insecta,
Fig. 3. Phase retardance of the light transmitted through specimens of a Stomatopod pseudo-zoea (A-D) and a Calanopia elliptica, Copepoda (E-H).
Definitions of false polarization images are similar to those in Fig. 2 . In (A) and (E), a change in inherent polarization larger than 1 (open circles) indicates phase retardance of the light (see Section 2). Phase retardance most frequently occurred at the two ends of the examined spectra (A,E). Note the marked depolarization effect (C) and phase retardance at the appendages of the Stomatopod (D) and the trunk of the C. elliptica (H). Distinguishing the specimens from their background is difficult when relying only on light intensity contrast (B, F). However, when also exploiting the polarization contrast, specimens become conspicuous (C, D and H). Heteroptera) revealed that the chitin fibrils of the sensilla are preferentially aligned with the sensillaÕs long axis (deCarvalho & Vidal, 1996) . This arrangement yields phase retardance in the light transmitted through the sensilla.
Generally, the inherent polarization contrast attributed to depolarization increased toward the UV spectral region. This is supported by the wavelength dependency of the Rayleigh scattering (scattering by molecules and particles much smaller than the light wavelength k), where short wavelengths are scattered more effectively than long ones (following the k À4 relationship; Born & Wolf, 1970) . However, as a result of phase retardance, the inherent polarization change frequently attained maximal values at both ends of the examined spectrum, i.e., the UV and red spectral regions (see also comments in deCarvalho & Vidal, 1996; Jarry et al., 1998; Jarry & Henry, 2000; Tran et al., 1994) .
Polarization modification by viewing distance
Light transmitted through all examined zooplankton species was partly depolarized and thus, at distance 0, such an animal is expected to be somewhat conspicuous to a polarization sensitive observer. However, with distance, the intensity as well as the polarization of light arriving from a transparent object is attenuated. In addition, light from the surroundings is scattered into the light path between the object and the observer (Lythgoe, 1979) . Eventually, the objectÕs polarization resembles that of the background and the object becomes inconspicuous.
We developed a mathematical/physical model to calculate the change in the polarization contrast of a depolarizing object as a function of the viewing distance. Using this model, we draw conclusions as to conspicuousness and sighting distance of zooplanktonic animals by polarization sensitive predators.
Mathematical model 4.3.1. Polarization contrast of a depolarizing object
On searching for an object, one needs to consider the background against which it is viewed. The background intensity of polarized light (I pb ) is:
where P b and I b are the background polarization and total intensity, respectively. Obviously, these and the parameters that follow are wavelength dependent. However, for the sake of simplicity, this wavelength dependence is not included explicitly in the model equations. Following Schechner and Karpel (2004) and Shashar et al. (2004) , the intensity of polarized light at a horizontal distance z from the object I p(object) , composed of light arriving from the object-left component of Eq. (8) and veiling light-right component, can be described as:
where D is the depolarization efficiency of the object (the percent of original polarization remaining after transmission through the object), c is the beam attenuation coefficient, c p is the polarization attenuation coefficient, and P z is the integrated polarization (derived from veiling illumination; Shashar et al., 2004) observed at a horizontal distance of z. P z is defined as:
The polarization contrast between an object and its background at a distance z from the object is defined as:
Substituting Eqs. (7)- (9) in Eq. (10) yields
Assuming I b > 0 and P b > 0, I b and P b cancel out. Thus, the polarization contrast between a transparent object and its background is independent of both the background intensity and the background polarization, and,
Simplifying Eq. (12), one obtains
where jD À 1j corresponds to the inherent polarization contrast resulted from depolarization. In the current study, this value was calculated (using Eq. (6)) from the transmitted light through the zooplankton specimens recorded by the MSP (Table 1; Figs. 2 and 3).
Sighting distance of a depolarizing object
An object will be conspicuous to a polarization sensitive viewer if the background percent polarization or the objectÕs percent polarization is large enough for the viewer to detect, and if the polarization contrast between the object and the background is larger than the minimum polarization contrast threshold of the viewer (S). Thus, for calculating the sighting distance, the polarization contrast (C z ) at a distance z can be replaced by the minimum polarization contrast threshold of the viewer (S). Solving Eq. (13) for z results in:
Therefore, the sighting distance of a depolarizing object depends on the depolarization efficiency of the object (D), the minimum polarization contrast threshold of the viewer (S), the beam attenuation coefficient (c) and the polarization attenuation coefficient (c p ).
Polarization difference
While the above approach describes the polarization contrast independently of the percent polarization involved, another approach refers to the polarization difference between the object and its background. Choosing between these two approaches should be based on previous knowledge regarding the relevance of each approach to the viewerÕs visual system. Unfortunately, to date, such previous knowledge is sparse (Land & Nilsson, 2002) , and totally lacking in the polarization domain. To calculate the polarization difference, we multiply the polarization contrast by the background intensity and polarization. Since we are concentrating on polarization characteristics, the background intensity is set to unity. Therefore, the polarization difference (P d ) equals
4.3.4. Polarization contrast, polarization difference and sighting distance under various field conditions Using Eq. (13), the polarization contrast of a depolarizing object at various distances was calculated for two water types/habitats, clear open-ocean waters and moderately turbid waters (coastal/coral reef regions). For these calculations, we used the beam attenuation coefficients c(k) and the polarization attenuation coefficients c p (k) derived from different measurements and locations (see Appendix A for detailed description and spectral conversion procedures).
The zooplankton specimens examined in this study were shorter than 8 mm. The reactive distance, the maximum distance from which a prey object is recognized by a predator, depends mainly on the size, transparency and shape of the prey, light intensity, and water turbidity (Gerking, 1994) . In a number of zooplanktivorous fishes (Centrarchidae, Pomacentridae, Salmonidae), the maximum reactive distance achieved under high light intensity for prey larger than 8 mm is 35 cm (Gerking, 1994; Kiflawi & Genin, 1997; Rickel & Genin, 2005) . Based on this, we calculated the polarization contrast (C) and polarization difference (P d ) at distances ranging between 0 and 5 m.
We found that the polarization contrast at 500 nm decreased exponentially with distance, resulting in a contrast reduction of 10% for clear open ocean waters (Fig. 4A ) and less than 20% for moderately turbid waters (Fig. 4B ) from the inherent polarization contrast at a distance of 35 cm (the maximal reactive distance). Therefore, at the maximal reactive distance, most species would be detectable by a viewer with a minimum polarization contrast threshold (S) of 0.3 or lower (Figs. 4A and B) . Moreover, at a similar distance, all but one of the examined species would be detectable by a viewer with a minimum polarization contrast threshold of 0.1 (Figs. 4A and B) . Across the available spectral range, the maximal difference in polarization contrast (at the maximal reactive distance) between wavelengths was 13.3% (Fig. 4C) .
Using Eq. (15), the polarization difference between a depolarizing object and its background was calculated for clear open ocean waters. At a fixed polarization contrast (e.g., C = 0.5), the polarization difference (P d ) increased with background polarization (P b ) and decreased with distance, assuming values between 0% and 50% (Fig. 5A) . At a distance equaling the highest reported reactive distance (35 cm), the polarization difference (P d ) increased with background polarization (P b ) and polarization contrast (C) (Fig.  5B) . For Corycaeus sp. (that depolarized the light the least), the polarization difference (P d ) ranged between 0% and 9%, depending on the background polarization (P b ) (Fig. 5B) . However, for Undinula vulgaris (that depolarized the light the most), the polarization difference (P d ) ranged between 0% and 63%, depending on the background polarization (P b ) (Fig. 5B) .
Polarization effects on zooplankton conspicuousness
At the maximal reactive distance reported for planktivorous fish predation (35 cm, Gerking, 1994; Kiflawi & Genin, 1997; Rickel & Genin, 2005 ) the polarization contrast of a depolarizing zooplankton was demonstrated to differ by only 10-20% from the inherent polarization contrast. Thus, the reactive distance of planktivorous fishes is expected to be limited by factors other than the polarization contrast. Such factors may include the fish resolution (Lythgoe, 1979; McFarland, 1991) , the size, shape and mobility of the prey, and the light intensity (Aksnes & Uten, 1997; Land, 2000) .
When discussing the sighting distance of a depolarizing object, the attributes of the viewerÕs vision are of great importance. According to the two approaches presented here, the minimum polarization contrast threshold of the viewer (S) does not depend on the background polarization or background light intensity (as long as the background percent polarization is higher than the minimal level detected by the viewer). On the other hand, the minimum polarization difference threshold of the viewer does depend on both variables. However, either the polarization contrast or the polarization difference between an object and its background diminishes similarly with distance. The relevance of each approach in determining the sighting distance of an object is expected to depend on the viewerÕs visual attributes. However, these polarization based visual attributes are yet to be studied. 
Discrimination of e-vector orientation and percent polarization differences
Octopuses were shown to discriminate between two portions of a small target in which the e-vector orientation differed by 20° (Shashar & Cronin, 1996) . Stomatopods, with the complex spectral and polarization sensitivity visual systems, have 4 prime axes for sensing polarization that may enable even finer discrimination ability (Marshall, Land, King, & Cronin, 1991; Marshall, Land, & Cronin, 1994) though so far only discrimination between orthogonal e-vectors within a single target has been demonstrated (Marshall, Cronin, Shashar, & Land, 1999) . Rainbow trout, which possess a two-channel (horizontal vs. vertical) polarization sensitivity system (Hawryshyn, Arnold, Bowering, & Cole, 1990; Parkyn, Austin, & Hawryshyn, 2003) , were shown to discriminate between two linearly polarized light patches only when the e-vector orientation differed by more than 45° (Degner & Hawryshyn, 2001 ). This low level of discrimination capability is expected to be insufficient for mediating contrast enhancement of objects.
However, the three and four channel polarization sensitivity systems of pomacentrids (Hawryshyn, Moyer, Allison, Haimberger, & Mcfarland, 2003) suggest fine e-vector discrimination abilities in fish as well. Terrestrial insects are suggested to have much higher orientation discrimination abilities. For example, the misalignment of the microvilli in photoreceptors (assumed to be a prime limiting factor in angular discrimination) of desert ants and crickets are only 3.2°and 9°, respectively (Nilsson, Labhart, & Meyer, 1987) .
Apart from the minimum polarization contrast threshold of the viewer (S), another attribute of the viewerÕs vision is the minimum percent polarization threshold. Previous studies have indicated that the minimum percent polarization threshold in salmonids ranges between 60% and 70% in laboratory conditions (Hawryshyn & Bolger, 1991; Novales Flamarique & Hawryshyn, 1997; Novales Flamarique & Browman, 2001 ) and 45% in field conditions (reviewed by Hawryshyn, 2003) . However, the small planktonic crustacean Daphnia pulex detects a polarization signal that is only 37% partly polarized (Schwind, 1999) . Further studies regarding polarization based detection of small objects are necessary to better comprehend the role of the polarization contrast and polarization vision in predator-prey interactions.
Although all examined zooplanktonic species depolarized the light, in some of them, such as the Chaetognaths (Fig. 2) , the depolarization was low and very localized. Note that in the case of the Chaetognaths, phase retardance was not identified. Interestingly, Chaetognaths are the least to be preyed upon by the Pomacentrids (Hobson & Chess, 1978 ). Yet, polarization contrast is probably only one of several factors involved in determining the success of predator-prey interaction.
While the division between the effects of e-vector orientation and percent polarization may be beneficial for presentation and understanding of processes involved in polarization vision, one must be aware that these are two descriptors of a single phenomenon. Hence, it is likely that animals use both light attributes in parallel and that similar to color (where hue and saturation interact), percent polarization and e-vector orientation contribute together to polarization based object detection.
Wavelength effects
Polarization sensitivity in salmonids was demonstrated to be mediated by UV photoreception (Hawryshyn, 2000; Novales Flamarique, Hawryshyn, & Harosi, 1998; Parkyn & Hawryshyn, 1993 . This was also postulated to occur in pomacentrid fishes . Hence, the two adaptations for enhancing transparent objectsÕ conspicuousness, UV vision and polarization sensitivity (Browman et al., 1994; Loew et al., 1993 Loew et al., , 1996 ; Novales Flamarique & Browman, Fig. 5 . Polarization difference (coded by different shades of gray) of a depolarizing object as a function of background polarization (P b ) and distance, calculated at 500 nm for a fixed polarization contrast (C = 0.5; the horizontal white line represents the maximal reactive distance) (A), and as a function of background polarization (P b ) and polarization contrast (C) at a distance equal to the maximal reactive distance (B). The polarization difference increased with background polarization and polarization contrast (B) and with decreasing distance (A).
2001; Shashar et al., 1998) , might be coupled. Moreover, the UV spectral region is where the maximal inherent polarization contrast of zooplanktonic species is attained. Unfortunately, due to a lack in values of c p (k) and c(k) in the UV region, we could not estimate the in situ polarization contrast of our measured animals in the UV.
Predation at SnellÕs window margins
In addition to modification of the polarization-spectral sensitivity, another suggested adaptation for enhancing the conspicuousness of transparent objects is behavioral and it involves taking advantage of SnellÕs window margins (Lythgoe, 1979) . In shallow waters, SnellÕs window margins separate between two different polarization patterns, one within the window and the other outside of it (Waterman, 1954) . Due to surface waves, SnellÕs window margins move continuously. Searching for prey at elevations corresponding to these margins can be expected to highlight the prey against this ever-changing polarization background. In other words, to a polarization sensitive viewer foraging at SnellÕs window margins, the prey may flicker and hence be easy to detect.
